To investigate mechanisms in outbred animals that increase the propensity to consume ethanol, it is important to identify and characterize these animals before or at early stages in their exposure to ethanol. In the present study, different measures were examined in adult SpragueeDawley rats to determine whether they can predict long-term propensity to overconsume ethanol. Before consuming 9% ethanol with a two-bottle choice paradigm, rats were examined with the commonly used behavioral measures of novelty-induced locomotor activity and anxiety, as assessed during 15 min in an open-field activity chamber. Two additional measures, intake of a low 2% ethanol concentration or circulating triglyceride (TG) levels after a meal, were also examined with respect to their ability to predict chronic 9% ethanol consumption. The results revealed significant positive correlations across individual rats between the amount of 9% ethanol ultimately consumed and three of these different measures, with high scores for activity, 2% ethanol intake, and TGs identifying rats that consume 150% more ethanol than rats with low scores. Measurements of hypothalamic peptides that stimulate ethanol intake suggest that they contribute early to the greater ethanol consumption predicted by these high scores. Rats with high 2% ethanol intake or high TGs, two measures found to be closely related, had significantly elevated expression of enkephalin (ENK) and galanin (GAL) in the hypothalamic paraventricular nucleus (PVN) but no change in neuropeptide Y (NPY) in the arcuate nucleus (ARC). This is in contrast to rats with high activity scores, which in addition to elevated PVN ENK expression showed enhanced NPY in the ARC but no change in GAL. Elevated ENK is a common characteristic related to all three predictors of chronic ethanol intake, whereas the other peptides differentiate these predictors, with GAL enhanced with high 2% ethanol intake and TG measures but NPY related to activity. Ó
Introduction
Substantial research efforts have been aimed at predicting individual differences in vulnerability to alcohol consumption. In outbred animals, this ability to predict allows researchers to determine, before alcohol abuse, any differences in brain mechanisms that may exist between animals prone to overconsuming ethanol and those relatively protected from this behavior. Studies examining possible predictors have linked measures of novelty-induced locomotor activity and anxiety to the consumption of ethanol, although some inconsistent results have been obtained. Outbred rats characterized by high locomotor activity compared with low activity scores in a novel open field are found to self-administer more ethanol or drink more 8% ethanol in a two-bottle choice paradigm (Bisaga and Kostowski, 1993; Nadal et al., 2002) . Although not confirmed in all reports (Bienkowski et al., 2001; Koros et al., 1999) , this positive relationship is supported by clinical studies showing novelty-seeking to be positively associated with alcohol dependence (Bardo et al., 1996) . Anxiety in humans has also been associated with alcohol dependence (Marquenie et al., 2007) , whereas studies in rats have yielded mixed results. Selectively bred rats that show high anxiety in an open field are found to consume more ethanol at concentrations of 6 or 10% (Izidio and Ramos, 2007) but not at 2 or 4% (Da Silva et al., 2004) . Furthermore, studies in outbred rodents using an elevated plus maze have also demonstrated a positive relationship (Spanagel et al., 1995) , although this was not confirmed in a recent study in Swiss mice (Correia et al., 2009 ).
In addition to these locomotor-based behaviors, there is evidence that some short-term consummatory behaviors may successfully predict ethanol intake. Consumption of or preference for sweet substances is found to be positively related to the intake of ethanol, in outbred as well as selectively bred rats (Carroll et al., 2008; Gahtan et al., 1996; Gosnell and Krahn, 1992; Rogowski et al., 2002; Sinclair et al., 1992) . There is also evidence that initial intake of ethanol when first available may also correlate with later ethanol intake during chronic access. In adolescent SpragueeDawley rats, ethanol consumed during Day 3 of forced consumption is found to be positively correlated with the amount of 8% ethanol ingested during Days 8e10 of the choice phase and also after deprivation (Schramm-Sapyta et al., 2008) . Consistent with a variety of studies showing a positive relationship between the ingestion of fat and ethanol (Fisher and Gordon, 1985; Herbeth et al., 1988; Jones et al., 1982; Mitchell, 1985; Swinburn et al., 1998) , outbred rats exhibiting a preference for or chronically maintained on a high-fat compared with a low-fat diet are later found to consume more ethanol (Carrillo et al., 2004; Krahn and Gosnell, 1991; Pekkanen et al., 1978) . This positive association between these two consummatory behaviors is suggested to involve circulating lipids, in particular triglycerides (TGs), which are increased by consumption of ethanol and fat (Chang et al., 2007a; Gaysinskaya et al., 2007; Leibowitz, 2007) . The consumption of ethanol is found to be enhanced by a lipid emulsion (Carrillo et al., 2004) , and it is reduced by a drug that lowers triglyceride (TG) levels (Barson et al., 2009b) . With evidence showing TG levels after a single fat-rich meal to predict later consumption of a high-fat diet (Karatayev et al., 2009) , we are led to consider the possibility that higher TG after a meal may be a hallmark of animals prone to overconsumption, not only of food but perhaps also of ethanol. With such measures as activity level, anxiety, and consummatory behavior predicting subsequent ethanol intake in outbred animals, an important question is whether those identified by these behavioral indices as prone or resistant to future ethanol consumption exhibit disturbances in brain peptides that may contribute to their differential phenotype. Most investigations to date have examined these peptides in selectively bred rodents. Compared with nonpreferring animals, endogenous expression of the opioid, enkephalin (ENK), is found to be increased in the prefrontal, cingulate, and cerebral cortices of ethanolpreferring rats (Fadda et al., 1999; Guitart-Masip et al., 2006; Marinelli et al., 2000) and also in the nucleus accumbens and caudate putamen of ethanol-preferring mice (Jamensky and Gianoulakis, 1999) . Although such studies of ENK measurements are lacking in the hypothalamus, the ENK analog, D-Ala-Gly-Phe-Met-NH2 (DALA), is found to stimulate ethanol intake when injected in the hypothalamic paraventricular nucleus (PVN) similar to the nucleus accumbens (Barson et al., 2009a , supporting a role for this opioid peptide in the hypothalamus in promoting the overconsumption of ethanol. Another peptide transcribed in the hypothalamus, galanin (GAL), has been implicated in human alcoholism (Belfer et al., 2006 (Belfer et al., , 2007 . Although there is one study in the locus coeruleus showing no change in GAL expression in ethanol-preferring rats (Hwang et al., 2000) , the injection of this peptide in the PVN stimulates ethanol intake in outbred rats (Rada et al., 2004; Schneider et al., 2007) , suggesting that hypothalamic GAL may also be involved in promoting ethanol intake. With regard to measurements of neuropeptide Y (NPY) in the arcuate nucleus (ARC), studies in selectively bred ethanol-preferring rats compared with nonpreferring rats have yielded mixed results, with some reporting an increase (Hwang et al., 1999) , decrease (Hwang et al., 1999; Spence et al., 2005) , or no difference (Caberlotto et al., 2001; Spence et al., 2005) , depending on the lines examined. Thus, the literature identifies ENK, GAL, and NPY as brain peptides that may be involved in driving ethanol intake.
Building on these studies, the present investigation in outbred SpragueeDawley rats was designed, first, to examine several possible predictors of ethanol consumption and, second, to explore possible neurochemical differences between those that are prone to or protected from future ethanol consumption. We chose to use two behavioral predictors previously tested in the literature, namely, locomotor activity and anxiety, and also examine two novel measures related to short-term consummatory behaviors, namely, initial ethanol intake and TG levels after a fatrich meal. Because ethanol is a calorie-containing food and a drug of abuse, we then measured hypothalamic expression of the orexigenic peptides, ENK, GAL, and NPY, to determine whether differences in these endogenous peptides can be detected in outbred animals predicted to consume high versus low amounts of 9% ethanol. We hypothesized that the expression of these peptides known to stimulate ethanol intake would be elevated in the rats predicted by the different measures to overconsume ethanol.
Materials and methods

Subjects
Adult male SpragueeDawley rats (275e325 g; Charles River Laboratories International, Inc., Wilmington, MA) were housed individually, on a 12-h reversed light/dark cycle. All animals were allowed 1 week to acclimate to their individual housing conditions, during which time they received ad libitum access to standard rodent chow (LabDiet Rodent Chow 5001, St. Louis, MO) and water, which was delivered via a plastic 8 oz water bottle at the top of the cage (PETCO Animal Supplies, Inc., San Diego, CA). The housing facility was fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Behavioral protocols were approved by the Rockefeller University Animal Care Committee and followed the NIH Guide for the Care and Use of Laboratory Animals. Adequate measures were taken to minimize animal pain and discomfort.
Ethanol training
Rats were trained to consume ethanol by making it available, along with water, in an additional 8 oz bottle at the top of the cage, with the relative position of the water and ethanol bottles alternated each day to prevent place preference. Access to the ethanol-containing bottle was provided for 12 h each day, with ethanol presented at dark onset. The concentration of ethanol was increased stepwise, every 4 days, from 1 to 2, 4, 7, and then 9% vol/vol.
High-fat diet
The high-fat diet used in this report has been described in detail in previous publications (Dourmashkin et al., 2006; Leibowitz et al., 2004) . The constituents were fat from 75% lard (Armour) and 25% vegetable oil (Crisco), carbohydrate from 30% dextrin, 30% cornstarch (ICN Pharmaceuticals), and 40% sucrose (Domino), and protein from casein (Bioserv) and 0.03% L-cysteine hydrochloride (ICN Pharmaceuticals). This solid diet was supplemented with minerals (USP XIV Salt Mixture Briggs; ICN Pharmaceuticals) and vitamins (Vitamin Diet Fortification Mixture; ICN Pharmaceuticals). The macronutrient composition of the diet was calculated as percentage of total kilocalorie, with the diet containing 50% fat, 25% carbohydrate, and 25% protein (5.2 kcal/g).
Experimental procedures
Experiment 1 was designed to confirm the ability of some commonly used nonconsummatory measures to predict later 9% ethanol consumption. Rats (N 5 14) underwent tests of anxiety and novelty-induced locomotion. During the dark period, each rat was moved from the vivarium to a sound-attenuated room. Within this room, the rat was placed for 15 min in a 17.0" Â 17.0" (43.2 Â 43.2 cm) activity test chamber (Med Associates, Inc., St. Albans, VT), with a red light shining into the center of the chamber, and its movements within this 15-min period were recorded. Activity counts were quantified as the number of infrared beam breaks, and time spent in the center versus periphery was recorded as a measure of anxiety. After completion of these tests, the animals were trained to consume 9% ethanol as described as previously mentioned. Daily intake was measured during 4 days of 9% access and averaged together as the measure of 9% ethanol intake. The ethanol preference ratio was calculated for each of the 4 days and averaged together as the measure of ethanol preference.
Experiment 2 attempted to establish a novel early ethanol intake measure as a predictor of later 9% ethanol consumption. A separate group of rats (N 5 30) was trained to consume ethanol. Daily intake and preference was recorded, with the 4 days of measurements for each concentration (1, 2, 4, 7, and 9% vol/vol) averaged together as the measures for each concentration. This procedure was replicated with an additional group of rats (N 5 30) to confirm the results of this novel method.
Experiment 3 further determined whether a measure related to a fat-rich meal, which avoids any ethanol exposure, can predict later consumption of 9% ethanol, similar to its ability to predict later food intake (Karatayev et al., 2009) . Rats (N 5 18) were tested for their TG response to consumption of dietary fat. For 3 days, they were acclimated to this procedure by being given a daily 15-kcal, 50% high-fat meal for 1 h, with lab chow removed. Then, for the following 3 days, chow was removed at dark onset, the rats 1 h later were given a 15-kcal high-fat meal for 1 h, and then tail vein blood was sampled for measurement of serum TG. The TG values over the 3 days were averaged together for a measure of fat-induced TG. After these procedures, the rats were trained to consume 9% ethanol. This procedure was replicated with an additional group of rats (N 5 18) to confirm the results of this novel method.
Experiment 4 was designed to determine whether the successful predictors of 9% ethanol consumption, novelty-induced locomotor activity, 2% ethanol intake, and fat-induced TG, showed some relationship when examined in the same animals. On Day 1, the rats (N 5 24) were tested for 15 min in an activity chamber, as in Experiment 1. On Days 2e4, animals were acclimated to the high-fat meal, and on Days 5e7, they were tested for fat-induced TG as in Experiment 3. Starting on Day 8, animals were given access to 1% ethanol to train them to consume ethanol, and on Days 12e15, their intake of and preference for 2% ethanol was measured.
Experiment 5 examined the expression of different peptides in the hypothalamus, to determine if they are differentially expressed and thus may contribute to the different patterns of ethanol consumption. The rats (N 5 45) were separated into three groups, tested for the significant predictors of ethanol intake, and were examined using quantitative real-time polymerase chain reaction (qRT-PCR) for their expression of ENK and GAL mRNA in the PVN and NPY in the ARC. Although changes in mRNA are not always accompanied by similar changes in peptide levels, this has generally been found to occur in studies of PVN ENK (Chang et al., 2007a (Chang et al., , 2007b , PVN GAL (Leibowitz et al., 2003; Tang et al., 1997; Villar et al., 1990) , and ARC NPY (Wang et al., 1997 (Wang et al., , 1999 . In Group 1, animals (N 5 15) were tested for differences in locomotor activity as in Experiment 1, subgrouped as ''high activity'' or ''low activity'' (n 5 5/group) as described in the following Data analysis section, and then sacrificed 1 h after testing. In Group 2, animals (N 5 15) were trained to consume 2% ethanol as in Experiment 2, ranked according to their 4-day intake and subgrouped as high or low 2% drinkers (n 5 5/group) (see Data analysis), and then on Day 5 of 2% access, were sacrificed after 1 h of ethanol drinking. In Group 3, animals (N 5 15) were tested for their fat-induced TG as in Experiment 3, ranked according to their 3-day TG levels and subgrouped as high or low TG levels (n 5 5/group) (see Data analysis), and on Test Day 4, were sacrificed 1 h after the 15-kcal high-fat meal.
Brain dissection
Immediately after sacrifice in Experiment 5, each brain was placed in a matrix slicing guide with the ventral surface facing up. A total of four coronal cuts, yielding three slices, were made. The first cut was made in the anterior middle optic chiasm (Bregma À0.8 mm), according to the atlas of Paxinos and Watson (1998) . The second cut was made 1.0 mm caudal to this, yielding a slice used for microdissection of the PVN (Bregma À0.8 to À1.8 mm). A third slice, made 1.0 mm rostral to this, yielded a slice that was discarded. The fourth slice, 0.5-mm thick, was then used for microdissection of the ARC (Bregma À1.8 to À2.8 mm). These sections were placed on a glass slide and rapidly dissected under a microscope. The PVN, from the 1.0-mm slice (Bregma À0.8 to À1.8 mm), was dissected as an inverted isosceles triangle, 1.0 mm bilateral to the third ventricle and between the fornix structures . The ARC, from the 0.5 mm slice (Bregma À1.8 to À2.8 mm), was dissected from the area adjacent to the bottom of the third ventricle, with the width from the border of the ventricle approximately 0.3 mm at the bottom narrowing to 0.1 mm at the top.
Quantitative real-time PCR
As previously described , total RNA from pooled microdissected samples was extracted with TRIzol reagent. RNA was treated with RNase-free DNase I before reverse transcription (RT). For qRT-PCR, cDNA and minus RT were synthesized using an oligo-dT primer with or without SuperScript II Reverse Transcriptase. The SYBR Green PCR core reagents kit (Applied Biosystems, Foster City, CA) was used, with b-actin as an endogenous control. Several housekeeping genes, including b-actin, cyclophilin, and glyceraldehyde 3-phosphate dehydrogenase, were assessed as endogenous controls, but b-actin produced the most stable results for our primers and cDNAs. qRT-PCR was performed in MicroAmp Optic 96-well Reaction Plates (Applied Biosystems). This was done on an ABI PRISM 7900 Sequence Detection system (Applied Biosystems), under the condition of 2 min at 50 C, 10 min at 95 C, and 40 cycles of 15 s at 95 C and 1 min at 60 C. Each study consisted of four independent runs of qRT-PCR in triplicate, and each run included a standard curve, a nontemplate control, and a negative RT control. The levels of target gene expression were quantified relative to the level of b-actin, using the standard curve method. The primers, designed with ABI Primer Express V.1.5a software from published sequences, were (1) b-actin: 5 0 -GGCCAACCGTGAAAAGATGA-3 0 (forward) and 5 0 -CAC AGCCTGGATGGCTACGT-3 0 (reverse), (2) ENK: 5 0 -GGA CTGCGCTAAATGCAGCTA-3 0 (forward) and 5 0 -GTGTG CATGCCAGGAAGTTG-3 0 (reverse), (3) GAL: 5 0 -TTCCC ACCACTGCTCAAGATG-3 0 (forward) and 5 0 -TGGCTGA CAGGGTTGCAA-3 0 (reverse), and (4) NPY: 5 0 -CACAGA AAATGCCCCCAGAA-3 0 (forward) and 5 0 -GTCAGGAGA GCAAGTTTCATTTCC-3 0 (reverse). The concentrations of primers were 100 nM. All reagents, unless indicated, were from Invitrogen (Carlsbad, CA).
TG assessment
Serum from tail vein was assayed for TG using a Triglyceride Assay kit (Sigma-Aldrich Co., St. Louis, MO).
Data analysis
For Experiments 1e4, which determined if certain behaviors were able to predict intake of ethanol and were themselves related, each behavior was correlated using a Pearson's product moment coefficient, except for the activity data (Experiment 1) that failed the D'Agostinoe Pearson K2 omnibus test for normality and thus was analyzed using a Spearman's rank correlation. In addition, animals were rank ordered according to their behavioral measures and then divided into subgroups from the bottom (lowest tertile; ''low'' group) and top (highest tertile; ''high'' group) according to their rank. For qRT-PCR, mRNA measures for high scorers were calculated as a percentage of low scorers. Differences between the various measures in these subgroups, including the hypothalamic peptides examined in Experiment 5, were tested using Student's unpaired two-tailed t-tests, as all these data passed the test for normality. All data are expressed as mean 6 standard error of the mean.
Results
Experiment 1: Prediction of ethanol intake by noveltyinduced locomotor activity and anxiety
This experiment was performed to confirm the ability of some commonly used, nonconsummatory measures, novelty-induced locomotor activity and anxiety, to predict later 9% ethanol consumption. Novelty-induced locomotion, as measured by ambulatory counts in 15 min, correlated significantly with 9% ethanol intake (N 5 14, r 5 þ0.64, P ! .05) (Fig. 1A) and preference (r 5 þ0.73, P ! .01). Thus, rats ranked as high activity compared with lowactivity rats (n 5 5/group, 990 6 27 vs. 565 6 19 counts) consumed significantly more ethanol (2.53 6 0.25 vs. 0.99 6 0.32 g/kg/day, P ! .01) (Fig. 1B) and showed significantly greater ethanol preference (0.38 6 0.04 vs. 0.13 6 0.05, P ! .01). In contrast, time spent in the center of the activity chamber in this 15-min test did not significantly correlate with ethanol intake (N 5 14, r 5 À0.14, not significant [ns]) or preference (r 5 À0.20, ns), and rats ranked as more anxious (n 5 5/group, 441 6 20 vs. 652 6 16 s in center) did not consume more ethanol than those ranked as less anxious (1.93 6 0.49 vs. 1.65 6 0.38 g/kg/day, ns) nor did they show greater ethanol preference (0.29 6 0.09 vs. 0.24 6 0.04, ns). Thus, novelty-induced locomotor activity, but not anxiety, may predict voluntary 9% ethanol intake.
Experiment 2: Prediction of ethanol intake by low concentration ethanol intake
This experiment was performed to establish a novel early predictor of chronic 9% ethanol drinking by examination of initial short-term consumption of a low concentration of ethanol. Voluntary intake of 2% ethanol correlated significantly with 9% ethanol intake (N 5 30, r 5 þ0.69, P ! .001) ( Fig. 2A) and preference (r 5 þ0.65, P ! .001). Additionally, preference for 2% ethanol correlated significantly with 9% ethanol intake (r 5 þ0.68, P ! .001) and preference (r 5 þ0.61, P ! .001). Furthermore, rats ranked as high 2% drinkers compared with low 2% drinkers (n 5 10/group, 0.77 6 0.05 vs. 0.11 6 0.02 g/ kg/day) later consumed significantly more 9% ethanol (2.28 6 0.2 vs. 0.90 6 0.15 g/kg/day, P ! .001) (Fig. 2B ) and showed significantly greater ethanol preference (0.33 6 0.02 vs. 0.13 6 0.02, P ! .001). These results were confirmed in a second group of rats, where intake of 2% ethanol again significantly correlated with 9% ethanol intake (N 5 30, r 5 þ0.57, P ! .01). During the stepwise ethanol training, the 2% concentration was the earliest at which 9% consumption could be predicted, with consumption of 1% ethanol not significantly related to 9% ethanol intake (r 5 þ0.26, ns) or preference (r 5 À0.08, ns). These results show that early short-term consumption of a low ethanol concentration can predict a rat's later propensity to consume a high concentration of ethanol.
Experiment 3: Prediction of ethanol intake by fat-induced TG levels
Given the positive relationship that exists between the consumption of ethanol and a high-fat diet (see Introduction), Experiment 3 was performed to determine whether an acute fat-related measure, which additionally avoids any ethanol exposure, might predict later 9% ethanol consumption. The results showed that levels of TG after a small high-fat meal correlate significantly with 9% ethanol intake (N 5 18, r 5 þ0.68, P ! .001) (Fig. 3A) and preference (r 5 þ0.63, P ! .01). Furthermore, rats Fig. 1 . Novelty-induced locomotor activity is significantly related to 9% ethanol intake. (A) Novelty-induced locomotion correlated significantly with 9% ethanol intake (N 5 14, P ! .05). (B) Rats ranked as high activity compared with low activity (n 5 5/group, 990 6 27 vs. 565 6 19 counts) consumed significantly more 9% ethanol (P ! .01). Fig. 2 . Voluntary intake of 2% ethanol is significantly related to 9% ethanol intake. (A) Intake of 2% ethanol correlated significantly with 9% ethanol intake (N 5 30, P ! .001). (B) Rats ranked as high 2% drinkers compared with low 2% drinkers (n 5 10/group, 0.77 6 0.05 vs. 0.11 6 0.02 g/kg/day) later consumed significantly more 9% ethanol (P ! .001). Fig. 3 . Levels of triglyceride (TG) after a small high-fat meal are significantly related to 9% ethanol intake. (A) Levels of TG correlate significantly with 9% ethanol intake (N 5 18, P ! .001). (B) Rats ranked as high TG compared with low TG animals (n 5 6/group, 249 6 13 vs. 90 6 4 mg/dL) later consumed significantly more 9% ethanol (P ! .01).
ranked as high TG compared with low TG responders (n 5 6/group, 249 6 13 vs. 90 6 4 mg/dL) later consumed significantly more 9% ethanol (2.65 6 0.32 vs. 1.14 6 0.22 g/kg/day, P ! .01) (Fig. 3B ) and showed significantly greater ethanol preference (0.41 6 0.05 vs. 0.15 6 0.03, P ! .001). These results were confirmed in a second group of rats, where levels of TG again significantly correlated with 9% ethanol intake (N 5 18, r 5 þ0.56, P ! .01). These findings show fat-induced TG to be a strong predictor of 9% ethanol intake.
Experiment 4: Correlation of prediction measures
Experiment 4 was performed to determine if the significant predictors of 9% ethanol consumption were evident in the same animals (N 5 24) and thus possibly related. Of the three successful predictors, the measures of 2% ethanol intake and fat-induced TG levels were found to be related to each other but not to novelty-induced locomotor activity (Fig. 4) . A significant positive correlation was obtained between the scores for 2% ethanol intake and preference (r 5 þ0.94, P ! .001) and between 2% ethanol intake and TG levels (r 5 þ0.50, P ! .05), whereas the scores for locomotor activity showed only weak correlations to the 2% ethanol intake (r 5 þ0.11, ns) and TG (r 5 þ0.32, ns) measures. Furthermore, rats classified as high TG compared with low TG responders (143 6 6 vs. 71 6 4 mg/dL) consumed significantly more 2% ethanol (0.19 6 0.03 vs. 0.10 6 0.03 g/kg/day, P ! .05) and showed significantly greater ethanol preference (0.62 6 0.07 vs. 0.37 6 0.09, P ! .05), and rats classified as high 2% drinkers compared with low 2% ethanol drinkers (0.26 6 0.02 vs. 0.06 6 0.01 g/kg/day) showed a strong trend of higher TG after a meal (118 6 13 vs. 90 6 11 mg/dL, P 5 .10). This is in contrast to rats classified as high activity compared with low activity (1150 6 31 vs. 443 6 46 counts), which were not significantly different in their 2% ethanol intake (0.17 6 0.04 vs. 0.16 6 0.03 mg/kg/day, ns) or preference (0.53 6 0.11 vs. 0.49 6 0.09, ns) or TG levels (122 6 13 vs. 97 6 12 mg/dL, ns). Thus, although all these measures predict 9% ethanol intake, the 2% drinking and TG responses are more closely related as predictors and may be evident in similar populations, with common underlying mechanisms.
Experiment 5: Peptide expression in relation to predictors of ethanol consumption
Building on evidence suggesting a positive relationship between the hypothalamic peptides, ENK, GAL, and NPY, and chronic consumption of ethanol (see Introduction), we tested whether the early predictors of ethanol intake are themselves related to disturbances in the expression of these endogenous peptides, just as they are with later consumption of ethanol. Experiment 5 tested animals with each of the successful predictors of 9% ethanol intake, as described in Experiments 1e3, and measured via qRT-PCR the expression of ENK and GAL mRNA in the PVN and NPY mRNA in the ARC as a function of the rats' predicted propensity to overconsume ethanol. Three sets of animals were tested for noveltyinduced activity, 2% ethanol intake, or fat-induced TG levels, and they were ranked and subgrouped (n 5 5/group) according to these measures as high activity versus low activity (986 6 28 vs. 470 6 93 counts), high 2% versus low 2% drinkers (0.76 6 0.07 vs. 0.25 6 0.08 g/kg/day), and high TG versus low TG (168 6 15 vs. 63 6 5 mg/dL). The peptide measurements revealed group differences for PVN ENK that were similar for all three predictors but differences for PVN GAL and ARC NPY that varied across the predictors (Fig. 5) . Specifically, ENK mRNA levels in the PVN were significantly elevated in animals predicted to be high ethanol consumers by each of the three measures (P ! .001). However, GAL mRNA was increased in the PVN of rats predicted to be high ethanol drinkers by two of the measures, 2% ethanol intake (P ! .001) and TG levels (P ! .001) but was unaltered in animals predicted to consume more ethanol by the measure of locomotor activity (ns). Conversely, NPY mRNA in the ARC was elevated only in the rats with high scores for locomotor activity (P ! .05) but showed no group differences in relation to the 2% ethanol intake and TG predictors. These findings suggest the involvement of these three peptides in promoting ethanol intake in rats predicted to be high consumers and further suggest that the precise phenotype predicted by these different measures may involve different neurochemical substrates.
Discussion
Behavioral predictors of ethanol consumption
With many studies investigating mechanisms underlying individual differences in vulnerability to alcohol abuse, there is a strong need to identify predictors that can reliably identify high-risk individuals before or at an early stage in the development of alcoholism. The clinical literature reveals positive relationships between chronic alcohol intake and certain behavioral measures, such as noveltyseeking and anxiety (Bardo et al., 1996; Marquenie et al., 2007) , whereas studies in selectively bred and outbred rats have yielded mixed results with these behaviors Fig. 4 . A significant positive correlation was obtained between the scores for fat-induced TG and 2% ethanol intake (N 5 24, P ! .05), with only a weak correlation between locomotor activity and these two measures.
(see Introduction). In the present study, we investigated this relationship further in outbred SpragueeDawley rats using measures of novelty-induced locomotor activity and anxiety and of ethanol intake using a two-bottle choice paradigm that is routinely used in our laboratory Morganstern et al., 2010) . In agreement with a report in outbred rats using operant ethanol selfadministration (Nadal et al., 2002) , the measure of locomotor activity significantly predicted consumption of and preference for 9% ethanol and allowed rats to be separated into high-and low-activity groups, with the high-activity animals ultimately consuming 150% more ethanol than the low group. The measure of anxiety, in contrast, did not yield a significant relationship with or ability to predict future ethanol drinking, consistent with other studies in outbred animals (Correia et al., 2009 ). This outcome with the activity measure suggests that similar mechanisms may underlie locomotor activity in a novel environment and a propensity to consume ethanol. Although ethanol itself generally suppresses activity (Criswell et al., 1994) , a study in Wistar rats suggests that its effects differ in high versus low responders to novelty, with a low dose of ethanol-enhancing activity only in the high responders (Gingras and Cools, 1996) . Thus, rats displaying high novelty-induced locomotor activity may be more sensitive to some effects of ethanol and for that reason consume more ethanol. The association found between noveltyinduced locomotion and ethanol intake in the present study substantiates the ability of a behavioral measure, one not involving ethanol exposure, to accurately identify rats that have an increased propensity to consume excess ethanol when it is chronically available.
Early ethanol intake as a predictor of ethanol consumption
There are additional studies suggesting that consummatory behavior itself may predict long-term patterns of ethanol consumption. This is seen with a measure of preference for sweet substances, which is positively associated with excessive ethanol consumption in both outbred and selectively bred populations (Carroll et al., 2008; Gahtan et al., 1996) . It is also observed with a chronic measure of preference for or intake of a fat-rich diet, which is positively associated with ethanol consumption in outbred rats (Carrillo et al., 2004; Krahn and Gosnell, 1991; Pekkanen et al., 1978) . Surprisingly, there appear to be no studies in adult rats relating initial intake of ethanol when first available to later chronic ethanol consumption. There is only one study in adolescent rats, which showed a positive relationship between the amount of 10% ethanol consumed during an initial forced consumption period and subsequent amounts of 8% ethanol consumption in a two-bottle choice paradigm (Schramm-Sapyta et al., 2008) . Consistent with this finding relating early to later patterns of ethanol intake, the present study in two separate groups of adult rats voluntarily consuming ethanol with increasing concentrations showed that their initial intake of 2% ethanol significantly predicted 9% ethanol consumption and preference. The variability of the scores for 2% ethanol intake allowed rats Fig. 5 . Animals predicted to consume high amounts of 9% ethanol showed different gene expression patterns depending on the predictor used. ENK mRNA levels in the PVN were significantly elevated in animals predicted to consume high amounts of 9% ethanol by each of the three measures (n 5 5/ group), novelty-induced locomotor activity (P ! .001), 2% ethanol intake (P ! .001), and fat-induced TGs (P ! .001). In contrast, GAL mRNA was significantly elevated in the PVN of rats with high scores for 2% ethanol intake and TG levels but not activity, whereas NPY mRNA was elevated in the ARC only in animals with high activity scores. ENK 5 enkephalin, PVN 5 paraventricular nucleus, TG 5 triglyceride, GAL 5 galanin, NPY 5 neuropeptide Y, ARC 5 arcuate nucleus.
to be identified as high 2% drinkers that consumed 150% more of the 9% ethanol compared with the low 2% drinkers. This prediction was confirmed in a second test, establishing this measure in adult rats as a reliable predictor of subsequent ethanol overconsumption at higher concentrations. The measure of 2% ethanol intake specifically identified animals with an increased propensity to consume ethanol rather than fluid in general as reflected by the fact that the high consumers throughout these studies consistently showed a greater preference for ethanol than the low consumers. Although SpragueeDawley rats as a strain can detect differences between 2 and 8% ethanol, as indicated by a change in their preference for ethanol (Morrow et al., 1993; Tordoff et al., 2008) , measures of neural activity in the nucleus of the solitary tract show similarities in their taste responsiveness to ethanol across these increasing concentrations (Lemon et al., 2004) , which may underlie the ability of 2% ethanol consumption to predict intake of 9% ethanol.
Circulating TG as a predictor of ethanol consumption
In further tests, we examined the possibility that a metabolic signal, which is related to ethanol as well as dietary fat and is positively related to consummatory behavior, may itself be a reliable predictor of an animal's propensity to consume ethanol. Our studies have shown that circulating TG is similarly stimulated by consumption of both ethanol and fat (Chang et al., 2007a; Leibowitz et al., 2003) and that rats with elevated TG after a fat-rich meal compared with low TG animals are hyperphagic, both during a subsequent single chow meal and chronically on a high-fat diet (Karatayev et al., 2009 ). Furthermore, consumption of a small high-fat meal or injection of a lipid emulsion, which raise TG levels, stimulates the consumption of ethanol (Carrillo et al., 2004; Chang et al., 2004 Chang et al., , 2007a , whereas a reduction of TG levels with gemfibrozil suppresses ethanol intake (Barson et al., 2009b) . These positive relationships between TG levels and subsequent consummatory behavior encouraged us to consider the possibility that a measure of fat-induced TG may predict chronic patterns of ethanol consumption. This was demonstrated here in two separate groups. These tests revealed a significant positive relationship between TG levels and subsequent 9% ethanol intake and preference and showed the ability of elevated TG levels to identify rats that consume almost 150% more ethanol compared with rats with low TG levels. It is interesting to consider the possibility that a difference in lipid metabolism in outbred rats may underlie the positive relationship of fat-induced TG with high ethanol intake. This is consistent with the evidence for differences in hepatic ethanol metabolism between ethanol-preferring and nonpreferring rats (Koivisto and Eriksson, 1994; Lodge and Lawrence, 2003) .
Relationship between the different predictors of ethanol intake
The identification of three significant predictors of ethanol drinking, novelty-induced locomotor activity, intake of 2% ethanol, and fat-induced TG, raises a question as to whether these predictors are related to each other and evident in the same animals. When they were examined in a single group of rats, the results revealed a significant positive correlation between the measures of 2% ethanol intake and TG levels. Thus, rats prone to drinking high amounts of 9% ethanol exhibited both greater intake of 2% ethanol and higher levels of TG after a meal, indicating that these two measures may have common mechanisms underlying their ability to predict the high-ethanol drinking phenotype. This is consistent with evidence showing that elevated TG levels like a fat-rich meal can stimulate ethanol intake (Carrillo et al., 2004) and that rats with higher meal-induced TG subsequently consume a larger meal (Karatayev et al., 2009) . The third predictor of 9% ethanol consumption, novelty-induced locomotion, failed to correlate with these two measures, suggesting that it reflects different mechanisms underlying ethanol intake. This result is not unexpected, because a locomotor response in a novel environment is very different from the consummatoryrelated responses, 2% ethanol intake and fat-induced TG levels, that predict chronic intake of ethanol. Given the moderate levels of intake that occurred in these rats, these findings will not permit us to draw conclusions regarding ethanol dependence, particularly as high ethanol consumption does not necessarily lead to the development of compulsive drinking (Vengeliene et al., 2009) .
Disturbances in orexigenic peptides in relation to predictors of ethanol intake
With these three different measures predicting chronic consumption of 9% ethanol, the next question is whether these predictors are associated with disturbances in hypothalamic peptides that, in turn, may contribute to the overconsumption of ethanol. Previous studies have shown the opioid ENK in the PVN to be positively related to circulating TG and stimulated by the injection of ethanol and ingestion of a high-fat diet (Chang et al., , 2007a . It is also increased in rats that have higher TG levels after a fat-rich meal (Karatayev et al., 2009) . When injected into the PVN, this peptide stimulates the consumption of ethanol and a high-fat diet Naleid et al., 2007) , suggesting the existence of a positive feedback loop between TG and ENK in controlling ethanol and fat intake. The present study provides further support for a stimulatory effect of this endogenous opioid on ethanol consumption. Rats with higher activity level, higher 2% ethanol intake, or higher TG levels, each of which predicts greater 9% ethanol intake, exhibited increased expression of ENK in the PVN when compared with their respective groups with low predictor scores. Although a novel environment or high-fat meal that increases TG can stimulate PVN ENK expression (Chang et al., , 2007b Yukhananov and Handa, 1997) , it is unlikely that the tests directly affected our results, as all rats in the present experiment were exposed to the same conditions. Also, whereas the high 2% drinkers consumed more ethanol than the low 2% drinkers, this low concentration is unlikely to have any effect on ENK in the PVN, as demonstrated by a study showing little change in ENK in rats drinking 1 g/kg/day of 9% ethanol (Chang et al., 2007a) . In addition to confirming the recent reports showing a positive relationship between ENK, TG, and ethanol (Barson et al., 2009b; Chang et al., 2007a; Karatayev et al., 2009) , the new finding that rats with high novelty-induced locomotor activity also exhibited elevated ENK in the PVN suggests that this opioid may be a common characteristic of animals prone to consuming greater 9% ethanol and a significant contributor to their overconsumption. Other studies, showing ethanol-preferring rats or mice to have elevated expression of ENK in the nucleus accumbens, caudate putamen, and cortex (Fadda et al., 1999; Guitart-Masip et al., 2006; Jamensky and Gianoulakis, 1999; Marinelli et al., 2000) , suggest that this opioid may function within multiple brain areas to stimulate ethanol intake in animals at risk.
In contrast to ENK, the results obtained with GAL revealed a difference between the three measures that predict ethanol intake. Like ENK, GAL in the PVN is stimulated by consumption of ethanol or a high-fat diet and also by injection of a lipid emulsion that elevates TG levels Leibowitz et al., 2003 Leibowitz et al., , 2004 , and this peptide when injected in the PVN stimulates ingestion of fat and ethanol (Schneider et al., 2007; Tempel et al., 1988) . Consistent with this evidence, the present study demonstrated that rats consuming higher levels of 2% ethanol or with higher fat-induced TG also have elevated expression of GAL in the PVN, suggesting that this peptide may contribute to their overconsumption of 9% ethanol predicted by these measures. Because PVN GAL is inconsistently found to be stimulated by 1 g/kg/day or less of 9e10% ethanol (Chang et al., 2007a; Leibowitz et al., 2003) , it cannot be entirely ruled out that the drinking of 2% ethanol produced this increase in GAL expression. Interestingly, rats identified by their higher activity level showed no difference in their PVN GAL compared with their low-activity counterparts, indicating that this peptide may not be actively involved in the overconsumption predicted by this measure. This interpretation is consistent with the finding that transgenic mice that overexpress the GAL gene, while consuming more ethanol and fat compared with their wild-type controls (Karatayev et al., 2009) , show no change in their locomotor activity in an open field (Kuteeva et al., 2005a (Kuteeva et al., , 2005b . This indicates that the positive feedback loop, which relates TG and PVN GAL in the stimulation of ethanol and fat intake, may not be involved in promoting the ethanol consumption in rats showing high novelty-induced locomotor activity. Together with our finding that the measures of 2% ethanol and TG levels are closely related to each other but not to locomotor activity, these results suggest that the former two measures may share common mechanisms, whereas the latter predicts a somewhat different behavioral phenotype that involves the actions of ENK but not GAL.
As with GAL, the results with NPY were different between the measures that predict ethanol intake. Unlike ENK and GAL, the expression of NPY in the ARC is suppressed by a high-fat diet (Hansen et al., 2004; Wang et al., 2002) and unaffected by injection of a lipid emulsion or chronic ethanol intake (Leibowitz et al., 2003) . Although PVN injection of NPY has little effect on high-fat diet intake (Leibowitz and Alexander, 1991; Stanley et al., 1985) , it is found to stimulate the consumption of ethanol (Gilpin et al., 2004; Kelley et al., 2001) , despite the fact that mice that overexpress NPY have a lower preference for ethanol than controls (Thiele et al., 1998) . In the present study, rats with greater locomotor activity in response to novelty demonstrated elevated NPY mRNA in the ARC, whereas those consuming higher levels of 2% ethanol or having higher TG levels showed no change in this peptide. The 2% ethanol exposure in this case probably did not affect levels of NPY, as rats that drink 0.8 g/kg/day of 10% ethanol show no change in ARC NPY expression (Leibowitz et al., 2003) . The present evidence suggests that NPY may be a neurochemical marker that is specific to animals with higher activity and may help elucidate mechanisms that mediate the overconsumption predicted by this behavioral measure.
Neurocircuitry of peptide actions
Although the present study has focused on the hypothalamic actions of ENK, GAL, and NPY in driving ethanol intake, these peptides are known to operate within multiple nuclei to affect a variety of behaviors, including locomotor activity in addition to different consummatory behaviors. The involvement of ENK and NPY in locomotion, possibly with different actions, is demonstrated by studies of ENK knockout mice, which exhibit increased locomotor activity in an open field (Konig et al., 1996) , and of NPY knockouts, which show suppressed locomotor activity (Karl et al., 2008) . Furthermore, injection studies suggest that NPY increases locomotor activity in part through actions in the frontal cortex (Smialowski et al., 1992; Smialowska et al., 1994) , whereas it may suppress activity through effects in the PVN (Lopez-Valpuesta et al., 1996; Tiesjema et al., 2007) . This is in contrast to GAL, where studies with knockouts have shown no change in openfield activity (Lu et al., 2008) . All three peptides, however, are found to increase consummatory behaviors. Injection studies consistently reveal a stimulatory effect of these peptides on both food and ethanol intake and show these peptides to act in the PVN Kelley et al., 2001; Schneider et al., 2007) . In addition, extrahypothalamic nuclei that mediate reward aspects of ethanol intake appear to be involved. The peptide ENK is believed to stimulate ethanol consumption by acting in both the nucleus accumbens (Barson et al., 2009a; Zhang and Kelley, 2002) and central nucleus of the amygdala (Foster et al., 2004; Kim et al., 2004) . In the amygdala, GAL has a similar effect to ENK (Corwin et al., 1993; Smith et al., 1996) , whereas NPY suppresses ethanol intake (Gilpin et al., 2008; Thorsell et al., 2007) . These investigations underscore the fact that these peptides, in addition to acting in the hypothalamus to stimulate ethanol intake, have a variety of effects and different sites of action that need to be considered in studies of animals prone to drinking high amounts of ethanol, as compared with those protected against this behavior.
Summary and conclusions
Using outbred SpragueeDawley rats, this investigation has demonstrated the ability of three different behaviors to predict consumption of ethanol. Novelty-induced locomotor activity, 2% ethanol consumption, and fat-induced TG levels significantly correlated with 9% ethanol consumption, although the activity measure appeared unrelated to the other two measures. Rats predicted to consume high levels of 9% ethanol with these measures showing elevated expression of the opioid ENK in the hypothalamus, affirming that this peptide is important in driving ethanol consumption. In contrast, elevated expression of hypothalamic GAL was observed in rats predicted to consume higher ethanol using the 2% ethanol and TG predictors, whereas NPY was elevated only in rats with higher activity level as a predictor. Future studies with these genetically heterogeneous rats predicted by these measures to overconsume ethanol should help to establish differences in neurochemical processes that may contribute to alcohol use disorders and may, in the future, open the door to more effective preventative treatments of alcoholism at a personal level.
